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Monte Carlo (MC) method is a statistical method for simulating photon propagation in media in the optical
molecular imaging field. However, obtaining an accurate result using the method is quite time-consuming,
especially because the boundary of the media is complex. A voxel classification method is proposed to
reduce the computation cost. All the voxels generated by dividing the media are classified into three
types (outside, boundary, and inside) according to the position of the voxel. The classified information
is used to determine the relative position of the photon and the intersection between photon path and
media boundary in the MC method. The influencing factors and effectiveness of the proposed method are
analyzed and validated by simulation experiments.

OCIS codes: 170.3660, 170.5280.
doi: 10.3788/COL201109.041701.

In the molecular imaging field, various optical molecu-
lar imaging techniques have been developed to achieve
visualization and measurement of biological processes
at cellular and molecular levels[1−3]. The study of light
propagation in media is the key problem in optical molec-
ular imaging. A highly accurate description of light
propagation in turbid media is provided by the radiative
transport equation (RTE). However, RTE is extremely
computationally expensive due to its integro-differential
nature. As a statistical method, Monte Carlo (MC) is a
good choice to solve RTE with enough accuracy.

MC method is based on randomly constructing a set of
trajectories of photons propagation in media, while the
stepsize and direction of each trajectory depend on the
absorption and scattering properties of the media. MC
method was first introduced to study light propagation
in tissues by Wilson et al.[4], and then improved by many
researchers to achieve a more accurate result. Prahl et
al. introduced anisotropy and internal light reflection
into light propagation[5]. In 1995, Wang et al. pro-
posed a MC modeling of light transport in multi-layered
tissues (MCML)[6]. Boas et al. described a voxelized
model (tMCimg) to improve the flexibility of the MCML
model[7]. However, Binzoni et al. pointed out that it was
difficult to incorporate precise boundary information
using this model[8]. Margallo-Balbás et al., therefore,
proposed a triangle mesh-based model to improve the
flexibility[9]. Li et al. developed a MC simulation plat-
form (named molecular optical simulation environment
(MOSE)) based on turbid media with regular shapes;
in its current version, the triangle structure has also
been introduced[10]. Recently, Shen et al.[11] and Fang
et al.[12] proposed a tetrahedron-based model. By in-
troducing the tetrahedron-based model, both speed and
flexibility are solved more efficiently compared with the
previous method. However, the tetrahedralization is still
a big problem, especially for the inhomogeneous complex
geometry.

For the MC simulation of light propagation in com-

plex media, there are mainly two aspects influencing the
time needed for MC simulation: the determination of
relative position of photon and the intersection calcu-
lation between photon path and complex geometry. In
this letter, we introduce a voxel classification method for
MC simulation of light propagation in complex media,
of which the boundary is constructed by triangles. The
main idea is the classification of the voxels generated by
dividing the occupied space of the media. The voxels are
classified into three types according to the relative po-
sition between voxel and boundary: outside, boundary,
and inside. By classifying the voxels, the time needed for
determining the relative position of the photon and the
intersection between photon path and geometry bound-
ary can be reduced significantly. Calculation of the
proposed method also has little increase even though the
complex boundary is refined several hundred times.

The details of the method are introduced as follows.
The voxelization process of complex media and the clas-
sification of the voxels are introduced first. The pro-
cess for determining the relative position of the photon
and the intersection calculation between photon path
and complex geometry are then described. Finally,

Fig. 1. Complex geometry in 2D is voxelized to illustrate the
voxelization process.
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some numerical experiments are conducted to analyze in-
fluencing factors and to validate the effectiveness of the
proposed method.

The method proposed is concentrated on speeding up
MC simulation while the detail rules for simulating light
propagation in turbid media is the same as that in
MCML[6]. For simplicity, the procedure used in our work
is modified based on MCML. The structure of the com-
plex media used in the method is the same as that de-
scribed in Ref. [13].

Given a complex geometry corresponding to the media
boundary constructed by triangles, the three-dimensional
(3D) axis-aligned bounding-box of the geometry is
first calculated, and the maximum (xmax, ymax, zmax)
and minimum (xmin, ymin, zmin) of the vertices of the
bounding-box are obtained. The bounding-box is then
voxelized using a uniform grid, and the dimensions of
the rectangular voxel (∆x,∆y, ∆z) and the number of
voxels in each direction (Nx, Ny, Nz) are used to deter-
mine the grid parameters. For simplicity, the voxels are
specified as cubes (∆x = ∆y = ∆z = ∆l) in our work
and the coordinate of the voxel is defined as (xi, yj , zk).
An example of the voxelization process of the complex
geometry in two dimensions (2D) is shown in Fig. 1.
The complex geometry constructed by triangles in 3D is
simplified to the polygon marked with L1 ∼ L7 in 2D,
and the bounding-box of the polygon is divided into a
grid by square voxels. The number of voxels (Nx, Ny) in
the x and y directions are computed by

Nx = CELL[(xmax − xmin)/∆l], (1)

Ny = CELL[(ymax − ymin)/∆l], (2)

where ∆l is the side length of the square, and the func-
tion CELL [·] rounds a number upwards to the nearest
integer. Thus, the side lengths of the grid are Nx ·∆l and
Ny · ∆l, respectively.

All the square voxels are classified into three types ac-
cording to the relative position between voxel and geom-
etry: outside, boundary, and inside. Boundary voxels are
first determined through the overlap testing of triangle-
cube in 3D or the border-square in 2D using the method
provided by Möller[14]. As shown in Fig. 1, the squares
marked with “b” are on the boundary of the polygon.
More importantly, if a voxel falls into the “boundary”
type, it will correspond to a number list of associated
triangles which intersect it. For example, the boundary
voxel (x2, y2) corresponds to the list (L6, L7), while the
boundary voxel (x1, y2) corresponds to the list (L1, L7).

The remaining voxels are then classified into “inside”
and “outside” using an improved ray method on the basis
of “boundary” voxels. In the improved ray method, the
direction of the ray is perpendicular to the nearest border
of the bounding-box, so it can minimize the number of
triangles checked in the calculation of ray-triangle inter-
section. For example, as shown in Fig. 1, the direction
of the ray emitted from point P1 is along the negative x
axis, and that emitted from point P2 is along the nega-
tive y axis.

Through the steps above, a voxel table, in which all the
voxels are classified into three types, is constructed. The
triangle lists corresponding to the “boundary” voxels are
also established.

Given the voxel table and the photon coordinate (x, y),
the number (xi, yj) of the voxel containing the photon
can be computed by

xi = FLOOR[(x − xmin)/∆l], (3)

yi = FLOOR[(y − ymin)/∆l], (4)

where the function FLOOR rounds a number downwards
to the nearest integer. By referring to the voxel table,
the relative position of the photon can be determined
quickly according to the voxel type. The steps are as
follows:

1. Inside: The photon is inside the complex geometry.
2. Outside: The photon is outside the complex geom-

etry.
3. Boundary: In this case, the relative position of the

photon is determined by the improved ray method.
The relative position of the photon can be determined

quickly by referring to the voxel table while the photon
locates in the “inside” or “outside” voxels because the
voxel table has been constructed before the MC simula-
tion. Even for the case of “boundary” voxel, the com-
putational cost is reduced by the improved ray method
compared to the traditional ray method.

The photon may cross the boundary of the media dur-
ing propagation, so reducing the computation of photon
path-triangle intersection is another important aspect to
speed up MC simulation. As shown in Fig. 2, the grid for
dividing the polygon is the dashed line and the photon
path is the segment PQ. The borders (or triangles) that
may be intersected with the photon path are in the “path
bounding-box” determined by the start and end points
of the photon path, such as the rectangle marked with
blue lines shown in Fig. 2. Note that each border (or
triangles) in the “path bounding-box” will be checked
just once. The number of borders needed to be checked
is related to the size of the “path bounding-box.” The
size of the “path bounding-box” is small because the
stepsize of the photon path is small. In addition, the
“path bounding-box” can be further reduced by refining
the grid.

The code of the proposed method is realized based on
the modification of MOSE which has been validated in
many papers[10,11,13]. The following numerical experi-
ments then focus on analyzing the influencing factors
and effectiveness of the proposed method. Through the

Fig. 2. (Color online) Intersection computation between pho-
ton path and mediaboundary.
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Fig. 3. Surface rendering of the digimouse whose boundary
is constructed by 10000 triangles.

Fig. 4. Relationship between the simulation time and the side
length of the voxel.

Fig. 5. Relationship between the simulation time and the
number of triangles.

above analysis, the performance of the method is mainly
influenced by the side length of the voxel, so the first set
of experiments is conducted to analyze the relationship
between simulation time and side length of the voxel.
The second set is conducted to analyze the stability of
the method. Finally, the effectiveness of the proposed
method is validated.

Homogeneous Digimouse (38×99.2×20.8 (mm))
data provided by Dogdas are used in the following
experiments[15]. The optical parameters of the Digi-
mouse are assigned as follows: absorption coefficient µa

=0.0088 mm−1, scattering coefficient µs = 20.97 mm−1,
anisotropy coefficient g = 0.94, and relative index of re-
fraction n = 1.35. The number of the Digimouse surface
is different in the following experiments. A solid spherical

Fig. 6. Speedup of the proposed method over MOSE (v2.1).

light source with 1.0-nW total power is used as the in
vivo light source and sampled by 106 photons. Figure
3 shows the 3D surface rendering of the Digimouse and
the light source. The central processing unit (CPU) code
of MC simulation is executed on a 2.67-GHz Intel Xeon
processor.

Through the above analysis, we know that the time
needed for determining the photon position is related to
the voxel type in which the photon locates. The cal-
culated amount when the photon locates in a “bound-
ary” voxel is greater than in others, so the simulation
time should mainly be related to the number of “bound-
ary” voxel, which is directly proportional to the voxel
size. The side length of the voxel varies from 0.2 to 2.0,
while the numbers of triangles are 2000, 10000, 50000,
and 100000, respectively. The light source is located at
(15, 60, 14) mm. The simulation results are shown in
Fig. 4, from which shows that the simulation time are
all directly proportional to the side length, although the
increasing rates are different. The simulation results val-
idate the above analysis, so the MC simulation can be
sped up by reducing the side length using the proposed
method. However, the side length cannot be reduced
without limits due to memory constraints.

The stability of the proposed method is studied. The
number of triangles varies from 2000 to 1 billion while
the side lengths are 0.3, 0.5, 0.8, and 1.0 mm, respec-
tively. The light source is also located at (15, 60, 14)
mm. The simulation results are shown in Fig. 5, in
which we can observe that the simulation time are all
directly proportional to the number of triangles, and the
increasing rate is also proportional to the side length of
the voxel. Notably, the rate of time increase is just only
17.73% while the side length is 0.3 mm. This increase
rate is much smaller than that mentioned in Ref. [9], in
which the increase rate is 66.67% while the number of
triangles varies from 1000 to 100000. However, choos-
ing a relatively small value of side length is necessary for
maintaining the stability of the proposed method.

In the last set of experiments, the speedup of the pro-
posed method is investigated by comparing it with the
previous method used in MOSE[10,13]. The experiments
are conducted while moving the light source along the
y-axis—the start point is (15, 30, 14) mm and the end
point is (15, 80, 14) mm. The side length of the voxel
is set at 0.3 mm. From the simulation results shown in
Fig. 6, the speedup of the proposed method over MOSE
(v2.1) is between 1.02 and 2.1 times.

In conclusion, we propose a voxel classification method
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to speed up MC simulation. Compared with previous
methods, the proposed method reduces computation cost
while preserving the flexibility of the media. Influencing
factors and effectiveness of the method are validated by
the numerical experiments. From the simulation results,
we know that determining an appropriate value of side
length of the voxel is an important problem in the pro-
posed method. Note that simulation speed becomes a
fixed value as the side length becomes smaller. Memory
constraints should also be considered. According to the
characteristic of near-infrared light propagation in turbid
media, in which the average stepsize of photon is approx-
imately between 0.02 and 0.2 mm, the side length set be-
tween 0.1 and 0.3 mm is an appropriate value according
to the above experiments. However, although the pro-
posed method has good efficiency in determining photon
position while the photon locates in inside/outside vox-
els, the determination process while the photon locates
in the boundary voxels is still time-consuming. To over-
come this deficiency, further research is needed and other
methods could be a good reference.

This work was supported by the National “973” Pro-
gram of China (Nos. 2006CB705700 and 2011CB707702),
CAS Hundred Talents Program, the National Natural
Science Foundation of China (Nos. 81090272, 81000632,
and 30900334), the Shaanxi Provincial Natural Science
Foundation Research Project (No. 2009JQ8018), and
the Fundamental Research Funds for the Central Uni-
versities.

References

1. V. Ntziachristos, J. Ripoll, L. V. Wang, and R.
Weissleder, Nat. Biotechnol. 23, 313 (2005).

2. G. Wang, W. Cong, Y. Li, W. Han, D. Kumar, X. Qian,
H. Shen, M. Jiang, T. Zhou, J. Cheng, J. Tian, Y. Lv, H.
Li, and J. Luo, Curr. Med. Imaging. Rev. 2, 453 (2006).

3. L. Jin, Y. Wu, J. Tian, H. Huang, and X. Qu, Chin. Opt.
Lett. 7, 614 (2009).

4. C. Wilson and G. Adam, Med. Phys. 10, 824 (1983).

5. S. A. Prahl, M. Keijzer, S. L. Jacques, and A. J. Welch,
Proc. SPIE IS 5, 102 (1989).

6. L. V. Wang, S. L. Jacques, and L. Q. Zheng, Comput.
Meth. Prog. Bio. 47, 131 (1995).

7. D. A. Boas, J. Culver, J. Stott, and A. Dunn, Opt. Ex-
press 10, 159 (2002).

8. T. Binzoni, T. S. Leung, R. Giust, D. Rüfenach, and A.
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